Cardiac T 2 mapping is a promising method for quantitative assessment of myocardial edema and iron overload. We have developed a new multiecho fast spin echo (ME-FSE) pulse sequence for breath-hold T 2 mapping with acceptable spatial resolution. We propose to further accelerate this new ME-FSE pulse sequence using k-t focal underdetermined system solver adapted with a framework that uses both compressed sensing and parallel imaging (e.g., sensitivity encoding) to achieve higher spatial resolution. We imaged 12 control subjects in midventricular short-axis planes and compared the accuracy of T 2 measurements obtained using ME-FSE with generalized autocalibrating partially parallel acquisitions and ME-FSE with k-t focal underdetermined system solver. For image reconstruction, we used a bootstrapping two-step approach, where in the first step fast Fourier transform was used as the sparsifying transform and in the final step principal component analysis was used as the sparsifying transform. When compared with T 2 measurements obtained using generalized autocalibrating partially parallel acquisitions, T 2 measurements obtained using k-t focal underdetermined system solver were in excellent agreement (mean difference 5 0.04 msec; upper/lower 95% limits of agreement were 2.26/ 22.19 msec, respectively). The proposed accelerated ME-FSE pulse sequence with k-t focal underdetermined system solver is a promising investigational method for rapid T 2 measurement of the heart with relatively high spatial resolution (1.7 3 1.7 mm 
Black-blood T 2 -weighted fast spin echo (FSE) (1) pulse sequence (2) is emerging as an important cardiovascular magnetic resonance method to detect T 2 changes induced by a variety of diseases, including edema (3) (4) (5) and iron overload (6, 7) . However, with black-blood T 2 -weighted FSE pulse sequence, the resulting clinical interpretation is often hindered by surface coil effects, which yield nonuniform signals unrelated to pathology.
Quantitative tissue characterization with T 2 measurement can overcome these limitations associated with T 2 -weighted MRI and further improve the accuracy and precision of detecting and assessing the severity of cardiac disease. However, myocardial T 2 measurement is technically challenging, because robust pulse sequences, such as multiple single spin-echo pulse sequence with different echo times and Carr-Purcell-MeiboomGill (8, 9) , are inherently inefficient and require navigator gating that render them clinically impractical. Recent developments in breath-hold cardiac T 2 mapping pulse sequences have been applied for identification of edema (10, 11) and iron overload (12) (13) (14) , with each specific pulse sequence having advantages and disadvantages. We have developed a breath-hold T 2 mapping pulse sequence based on multiecho FSE (ME-FSE) (13) and validated it in vivo against the navigator gated Carr-Purcell-Meiboom-Gill. This new ME-FSE pulse sequence with a turbo factor (TF) of 2 and reverse centric k-space ordering provides an accuracy that is comparable to that of even-echo Carr-Purcell-Meiboom-Gill, as described previously (13) . Note that TF is the number of echoes acquired after each excitation. Combining this TF with conventional parallel imaging enables a breath-hold acquisition with spatial resolution on the order of 2.7 Â 3.8 mm 2 . Although this spatial resolution may be adequate for liver imaging, it may be marginally acceptable for cardiac imaging and sensitive to partial volume effects in patients with thinned myocardial wall due to left ventricular (LV) remodeling.
T 2 mapping is a good candidate for compressed sensing (CS) (15) , because the transverse magnetization (e.g., signal) as a function of time is monoexponential and sparse after applying an appropriate transform (16) , such as principal component analysis (PCA) (17) (18) (19) . We propose to further accelerate the new ME-FSE pulse sequence using k-t focal underdetermined system solver (FOCUSS) (20) (21) (22) (23) adapted with a framework (20, 24) that features both CS and parallel imaging (25, 26) . The purposes of this study were to develop an accelerated ME-FSE pulse sequence using k-t FOCUSS for cardiac T 2 mapping with relatively high spatial resolution and to validate it against the new ME-FSE pulse sequence using parallel imaging alone.
MATERIALS AND METHODS
Our aim was to achieve relatively high spatial resolution (approximately 2 Â 2 mm 2 ) within clinically acceptable breath-hold duration ($20 sec). An acceleration rate (R) of 6, in combination with a TF of 2, was needed to acquire a 192 Â 192 Â 16 (echoes) data matrix within a breath-hold duration of less than 20 heart beats. For a field of view of 320 Â 320 mm 2 , an interecho spacing of 5 msec and a TF of 2, the acquisition matrix corresponds to a scan time of 18 heart beats (one heart beat to acquire the coil sensitivity data; one heart beat to acquire dummy scans to approach steady state of magnetization; and 16 heart beats to acquire the image data) and an echo-train duration of $160 msec.
The key components for high performance in CS are image sparsity and incoherent aliasing artifacts. The following two sections (Preliminary Experiments 1 and 2) describe the methods and results of preliminary experiments, which were needed for the acceleration strategy.
Preliminary Experiment 1: k-t Undersampling Pattern
A different pseudo-random undersampling pattern with higher density at the center of k-space for each time point was proposed for applications of CS to dynamic imaging, to maximize incoherence and reduce the resulting aliasing artifacts by distributing them along two dimensions (24, 27) . We used a different realization of an eighth-order polynomial probability distribution function to generate a sixfold accelerated variable-density random undersampling pattern along k y for each t, where k y is the spatial frequency in the phase-encoding direction and t is the echo dimension (Fig. 1) . Figure 1 shows the resulting point-spread-function (PSF) in the sparse y-PCA space after applying fast Fourier transform (FFT) along k y and PCA along t, where y is the phase-encoding direction. For completeness, Fig. 1 also shows the resulting PSF in the sparse y-f space after applying Fourier transform along k y and t, where f is frequency. The ratio of the peak and standard deviation of PSF was 31.7 and 32.4 for PCA and FFT, respectively.
Preliminary Experiment 2: Sparsifying Transform
We performed numerical simulation to compare two different sparsifying transforms, FFT and PCA for accelerated T 2 mapping with ME-FSE. Using the pulse sequence parameters used in this study (see Pulse Sequence section) and assuming myocardial T 2 ¼ 50 msec (14) , an ideal monoexponential curve representing the transverse magnetization of ME-FSE was generated and plotted in Fig. 2 . The same monoexponential time curve was replicated for each point on the 192 Â 192 (x-y) plane to emulate the spatial resolution studied in vivo, where x is the frequency-encoding direction. Figure 2 also shows both FFT and PCA representations of this curve. These plots clearly show that a monoexponential decay curve is sparser in PCA than in FFT domain. To further validate this finding, both FFT and PCA representations of a reference ME-FSE series are shown in Fig. 2 . The data were consistent with the ideal curves shown in Fig. 2 . These preliminary results prove that PCA is a superior sparsifying transform than FFT for T 2 mapping with ME-FSE, and confirms the rationale behind the use of PCA in previous T 2 mapping studies with CS (17) (18) (19) . Based on these preliminary results, we used PCA as the sparsifying transform for accelerated T 2 mapping with k-t FOCUSS. Similar to distributing residual aliasing artifacts along two dimensions, image sparsity was also enforced along two dimensions.
Pulse Sequence
For the purposes of this work, the ME-FSE pulse sequence with parallel imaging alone is defined as the reference T 2 mapping pulse sequence, and the ME-FSE pulse sequence with k-t FOCUSS is defined as the accelerated T 2 mapping sequence. For details on the reference T 2 mapping pulse sequence, see Ref. 13 .
Both the reference and accelerated T 2 mapping pulse sequences were implemented on a whole-body 3T MRI scanner (Tim Trio, Siemens Healthcare, Erlangen, Germany) equipped with a gradient system capable of achieving a maximum gradient strength of 45 mT/m and a slew rate of 200 T/m/s. The radio-frequency (RF) excitation was performed using the body coil, and a 32-element cardiac coil array (Invivo, Orlando, FL) was employed for signal reception. Relevant imaging parameters for both pulse sequences were: field of view ¼ 320 Â 320 mm 2 , slice thickness ¼ 10 mm, excitation RF pulse duration ¼ 1.5 msec, refocusing RF pulse duration ¼ 2.0 msec, interecho spacing ¼ 5 msec, TF ¼ 2, number of images ¼ 16, echo train length per shot ¼ 32, echo train duration ¼ 163 msec, receiver bandwidth ¼ 531 Hz/pixel, and double-inversion black-blood preparation pulses.
The accelerated T 2 mapping pulse sequence used R ¼ 6, acquisition matrix ¼ 192 Â 192 Â 16, breath-hold duration ¼ 18 heart beats (one heart beat to acquire the coil sensitivity maps, one heart beat to acquire dummy scans to approach steady state of magnetization, and 16 heart beats to acquire the image data). The reference T 2 mapping pulse sequence used generalized autocalibrating partially parallel acquisitions (GRAPPA) (28) with R ¼ 1.8, acquisition matrix ¼ 192 Â 76, and breath-hold duration ¼ 21 heat beats (one heart beat to acquire dummy scans to approach steady state of magnetization and 20 heart beats to acquire the image data). Note that to maintain a breath-hold duration on the order of 20 sec, the spatial resolution in the phase-encoding direction was set at only 40% of the resolution achieved in the accelerated T 2 mapping pulse sequence.
Improving Sparsity Using Preconditioning RF Pulses
As described previously, CS performance is determined by image sparsity (15) . We hypothesize that suppression of bright signals unrelated to the heart increases sparsity of ME-FSE data. Given that the proposed ME-FSE echo train is acquired during 163 msec per heart beat, the pulse sequence permits the use of multiple preconditioning RF pulses before ME-FSE readout (Fig. 3) , without exceeding clinically acceptable specific absorption rate limit. We explored the use of fat suppression and spatial presaturation RF pulses to suppress bright signals unrelated to the heart (e.g., chest wall and back). Note that pulse duration of a spatial presaturation module, including spoiler gradients, is 4.8 msec and that pulse duration of a fat suppression module, including spoiler gradients, is 12.2 msec. Figure 4 shows a short-axis scout image and illustrations on how preconditioning RF pulses were utilized to increase sparsity for cardiac ME-FSE imaging, as well as the resulting four cases of ME-FSE with GRAPPA (see Pulse Sequence section for the relevant imaging parameters) using different preconditioning RF pulses: (i) none, (ii) fat suppression, (iii) three spatial presaturation pulses, and (iv) fat suppression and three spatial presaturation RF pulses. The slice thickness of the presaturation bands was graphically adjusted between 50
FIG. 2. a:
Monoexponential decay curve representing the transverse magnetization (M xy ) of ME-FSE. b: FFT representation of (a) and (c), PCA representation of (a). These plots clearly show that a monoexponential decay curve is sparser in PCA than in FFT domain. To further validate this finding, a reference ME-FSE series is displayed in both (d) FFT and (f) PCA domains. Both domains are displayed with identical grayscale of 0-1000 arbitrary unit (a.u.). The results were consistent with the ideal curves shown (a-c). These preliminary results prove that PCA is a superior sparsifying transform than FFT for T 2 mapping with ME-FSE, and confirms the rationale behind the use of PCA in previous T 2 mapping studies with CS (17) (18) (19) .
and 100 mm. Between the four cases of preliminary results, the combined use of fat suppression and spatial presaturation RF pulses produced the best suppression of bright signals unrelated to the heart (Fig. 4) . Given the lack of consequential penalty associated with the combined use of fat saturation and three spatial presaturation pulses, we acquired accelerated ME-FSE images with the preconditioning RF pulses. To validate the usefulness of increasing sparsity with preconditioning RF pulses, we compared both the image quality and T 2 accuracy of accelerated data with and without preconditioning RF pulses.
Phantom Imaging
For in vitro validation, we imaged a phantom consisting of five bottles containing different concentrations of manganese chloride (MnCl 2 ) in distilled water: 0.135, 0.270, 0.405, 0.540, and 0.675 mM. MnCl 2 was chosen because it has T 1 /T 2 on the order of 10. These concentrations were chosen to emulate clinically relevant T 2 values in the myocardium.
Cardiac Imaging
Twelve adult volunteers (seven men and five women; mean age ¼ 26.1 6 1.8 years) were imaged in a midventricular short-axis plane. Electrocardiogram triggering was used to image at mid to late diastole, to image at a cardiac phase where there is minimal cardiac motion. Human imaging was performed in accordance with protocols approved by the New York University School of Medicine Institutional Review Board; all subjects provided written informed consent.
Image Reconstruction
The GRAPPA image reconstruction was performed online, using commercially available reconstruction algorithm. We adapted the k-t FOCUSS reconstruction to use a framework (20, 24) that combines CS and parallel imaging. The k-t FOCUSS reconstruction was performed offline using customized software developed in a graphics processing unit platform with Compute Unified Device Architecture programming. For details on the general k-t FOCUSS reconstruction, see Refs. 20-23.
Previously proposed accelerated T 2 mapping methods using CS (16-18) require a training data for PCA, whereas our method uses a bootstrapping approach to self calibrate a PCA basis without training data. Given the proposed undersampling pattern shown in Fig. 1 , an accurate PCA basis cannot be directly estimated because a set of low frequency k-space frequencies was not fully sampled. Therefore, as described in the previous work (22), we implemented a two-step bootstrap reconstruction approach (Fig. 5) . In step 1, coil sensitivity maps and multicoil k-space data were used to perform preliminary k-t FOCUSS reconstruction (m 1 ) using FFT as the sparsifying transform. In step 2, m 1 was used to estimate a basis set for PCA. The schematic details are shown in Fig. 6 . By concatenating each time signal vector along column direction, a matrix V is constructed. Then, by conducting eigen-decomposition of the covariance matrix C of V, a basis set for PCA is estimated. The resulting basis set, coil sensitivity maps, and multicoil k-space data were used to perform the final reconstruction (m 2 ) using an optimal temporal PCA basis. Our preliminary analysis showed that this bootstrap approach yields better results than the direct PCA approach. Each FOCUSS step consists of updating a   FIG. 3 . Schematic diagram of the proposed accelerated T 2 mapping pulse sequence with preconditioning RF pulses. Electrocardiogram triggering was used to image at mid to late diastole, to image at a cardiac phase where there is minimal cardiac motion. Three presaturation RF modules and a single fat suppression module were applied before ME-FSE readout as shown. These diagrams are drawn to approximate proportions but not exact scales. ECG, electrocardiogram; Pre, preconditioning; PS, presaturation; FS, fat suppression.
FIG. 4.
Representative (column 1) short-axis scout image displaying positions and thicknesses of three presaturation RF pulses (displayed as meshed-strip lines). Resulting ME-FSE images with GRAPPA at TE ¼ 10 msec: (column 2) none, (column 3) fat suppression, (column 4) three spatial presaturation RF pulses, and (column 5) fat suppression and three spatial presaturation RF pulses. Between the four cases, the combined use of fat suppression and spatial presaturation RF pulses produced the best suppression of bright signals unrelated to the heart. weighting matrix and solving a least square solution with the updated weighting matrix. In our implementation, a weighting matrix is updated three times, and the least square solution is solved iteratively with 50 conjugate gradient steps with the corresponding weighting matrix. Using a NVIDIA Tesla graphics processing unit with 4 GB global memory, the total computational time per image time series using the two-step bootstrap k-t FOCUSS was 1 min.
Image Analysis
Image analysis was performed using customized software developed in MATLAB, and nonlinear least square fitting was based on the MATLAB implementation of the Levenberg-Marquardt algorithm (Statistics Toolbox TM version 6.2). For each MnCl 2 phantom bottle, a mask covering the whole bottle was generated with image intensity thresholding and the corresponding pixel-by-pixel T 2 map was calculated (see below for details). For in vivo data, both reference and accelerated ME-FSE data sets of all subjects were pooled and randomized for independent blinded analysis. The LV endocardial and epicardial contours were manually drawn to mask the whole LV. The corresponding pixel-by-pixel T 2 map was calculated by nonlinear least square fitting for three parameters of the monoexponential signal relaxation equation:
where S(t) is the signal amplitude at time t, S ideal is the ideal signal, and the three unknown parameters are: the initial signal amplitude (S 0 ), the mean background noise (s), and T 2 . This approximate noise correction procedure is similar to the method of McGibney and Smith (29), although here the noise was determined from a fit to the data rather than from the signal in air.
Statistical Analysis
For each bottle of the phantom, the mean transverse relaxation rate (R 2 ¼ 1/T 2 ) was calculated. The five mean R 2 measurements were plotted as a function of MnCl 2 concentration, and the transverse relaxivity of MnCl 2 was calculated by performing linear regression analysis. According to the 16-segment model recommended by American Heart Association (30), the midventricular short-axis view of the myocardium was divided into six segments: anterior, anteroseptal, inferoseptal, inferior, inferolateral, and anterolateral. Statistical analyses were performed using SPSS version 18 (SPSS, Chicago, IL). The mean T 2 and segmental T 2 measurements were compared using the paired-sample t-test (two-tailed). A P < 0.05 was considered to be statistically significant. Reported values represent mean 6 standard deviation. Bland-Altman analysis was performed to determine the bias and precision of T 2 measurements obtained using the accelerated T 2 mapping pulse sequence when compared with those obtained using the reference T 2 mapping pulse sequence.
To assess the influence of manual segmentation of LV contours on T 2 calculation, we assessed the intraobserver and interobserver variability of T 2 calculation using the Bland-Altman analysis. For intraobserver variability assessment, one blinded observer (L.F.) repeated the image analysis (i.e., contour segmentation and T 2 calculation) with at least 2 weeks of separation from the first analysis, and Bland-Altman analysis was performed on the resulting two sets of T 2 measurements (analysis 1 vs. analysis 2). Intraobserver difference was defined as T 2 (analysis 1)-T 2 (analysis 2). For interobserver variability assessment, the second blinded observer (D.K.) independently analyzed the data, and Bland-Altman analysis was performed on the resulting two sets of T 2 measurements (observer 1, analysis 1 vs. observer 2). Interobserver difference was defined as T 2 (observer 1, analysis 1)-T 2 (observer 2).
RESULTS
The two sets of in vitro T 2 maps calculated from the reference and accelerated ME-FSE data sets were in good FIG. 5 . Schematic flowchart of the two-step reconstruction methods. In step 1, coil sensitivity maps and multicoil k-space data were used to perform preliminary reconstruction using FFT as the sparsifying transform. In step 2, m 1 was used to estimate a basis set for PCA. The resulting PCA basis set, coil sensitivity maps and multicoil k-space data were used to perform the final reconstruction (m 2 ). m 1 , Reconstructed image using FFT as the sparsifying transform; m 2 , reconstructed image using PCA as the sparsifying transform; s.t., subject to; e, noise level. See Figure 6 for schematic details on step 2.
agreement. Specifically, the root mean square error was 0.54 msec. The reference and accelerated ME-FSE T 2 maps yielded transverse relaxivities of 88.6 6 1.2 and 88.3 6 1.4 s -1 /mM, respectively. Figure 7 shows representative ME-FSE images acquired using the reference and accelerated T 2 mapping pulse sequences. The accelerated T 2 mapping pulse sequence consistently yielded higher spatial resolution in the phase-encoding direction (1.7 Â 1.7 mm 2 vs. 1.7 Â 4.2 mm 2 ; accelerated vs. reference, respectively). In all subjects, k-t FOCUSS yielded good image quality. Figure 8 shows the corresponding zoomed images and the resulting T 2 maps. Mean T 2 values of this subject calculated from GRAPPA and k-t FOCUSS images were 51.7 6 3.6 and 51.6 6 4.0, respectively. When compared with the GRAPPA image, k-t FOCUSS image yielded higher spatial resolution in the phase-encoding direction, as highlighted by the intensity profiles at the edge of the muscle-blood border.
For the pool of 12 subjects, mean myocardial T 2 values measured by observer 1 (analysis 1) using the GRAPPA and k-t FOCUSS data were 49.9 6 1.5 and 50.0 6 1.5, respectively, and they were not significantly different (P > 0.05). The corresponding mean segmental T 2 values are summarized in Table 1 , and mean T 2 values for every segment were not significantly different (P > 0.05). These findings are consistent with previously reported T 2 measurements of controls at 3T (14) . These mean T 2 values between GRAPPA and k-t FOCUSS were not significantly different (P > 0.8). Representative ME-FSE images acquired using the reference and accelerated T 2 mapping pulse sequences: (top row) GRAPPA and (bottom row) k-t FOCUSS. When compared with GRAPPA, k-t FOCUSS consistently yielded higher spatial resolution in the phase-encoding direction (1.7 Â 1.7 mm 2 vs. 1.7 Â 4.2 mm 2 ; accelerated vs. reference, respectively).
According to the Bland-Altman analysis (Table 2) , T 2 measurements obtained from k-t FOCUSS and GRAPPA images were in excellent agreement (mean difference ¼ 0.04 msec; upper/lower 95% limits of agreement were 2.26/À2.19 msec), suggesting that the corresponding T 2 measurements are quantitatively equivalent ( Table 2 ). The corresponding Bland-Altman statistics for the segmental T 2 measurements are summarized in Table 2 .
The intraobserver agreements for T 2 calculations using the same set of GRAPPA and k-t FOCUSS data were À0.18 and 0.04, the upper 95% limits of agreements were 0.99 and 0.91, and the lower 95% limits of agreements were À1.34 and À0.83, respectively. The interobserver agreements for T 2 calculations using the same set of GRAPPA and k-t FOCUSS data were 0.36 and 0.35, the upper 95% limits of agreements were 1.56 and 1.37, and the lower 95% limits of agreements were À0.83 and À0.68, respectively. These Bland-Altman statistics suggest that T 2 calculations from a given set of data are highly repeatable and reproducible. Figure 9 shows example ME-FSE images and the corresponding T 2 map with and without preconditioning RF pulses. For the latter case, note the signal heterogeneity in the k-t FOCUSS reconstruction, particularly in the lateral wall, and the corresponding T 2 error. In this subject, the mean T 2 measurements within the segmented myocardium were 50.0 6 4.0 msec and 60.8 6 12.9 msec for with and without preconditioning RF pulses, respectively. These results are corroborated with zero-filled FFT reconstruction images which show more aliasing artifacts for the latter case. These findings clearly demonstrate the usefulness of increasing sparsity in ME-FSE through the use of preconditioning RF pulses.
DISCUSSION
Our results demonstrate the feasibility of performing a sixfold accelerated breath-hold ME-FSE acquisition using k-t FOCUSS. When compared with the reference T 2 mapping pulse sequence with GRAPPA, the accelerated T 2 FIG. 8. Zoomed ME-FSE image series corresponding to Figure 7 : (top row) GRAPPA and (bottom row) k-t FOCUSS. Mean T 2 values of this subject resulting from GRAPPA and k-t FOCUSS were 51.7 6 3.6 and 51.6 6 4.0, respectively. When compared with GRAPPA image, k-t FOCUSS image yielded higher spatial resolution in the phase-encoding direction, as shown by the intensity profiles of the muscle-blood border. mapping pulse sequence with k-t FOCUSS produced results in vivo of comparable accuracy (Table 2) . In all 12 subjects, k-t FOCUSS reconstruction consistently yielded good image quality. The intraobserver and interobserver agreements for T 2 calculations from a given set of images were excellent (Table 3 ). This study demonstrates that the proposed accelerated breath-hold ME-FSE pulse sequence is a promising investigational method for myocardial T 2 measurement with relatively high spatial resolution (1.7 Â 1.7 mm 2 ). Nonetheless, these initial studies have limitations that warrant discussion. First, commercially available fat suppression pulse did not completely suppress the undesirable fat signals at 3T. The use of improved fat suppression pulse, such as chemically selective inversion recovery, should further suppress the fat signal and, subsequently, increase sparsity of cardiac ME-FSE data. Second, we used three spatial presaturation pulses before ME-FSE readout to suppress bright signals outside the heart. More work is needed to explore the optimal use of spatial presaturation pulses (e.g., quantity, pulse width, location, and orientation, etc) for maximal suppression of undesirable background signal. Third, our accelerated ME-FSE pulse sequence acquired an echo train for $160 msec during mid to late diastole, and our data analysis was performed assuming no cardiac motion. However, even with a perfectly still breath hold, gradual ventricular relaxation occurs during 160 msec of data acquisition. More complex image registration methods are needed to eliminate this potential source of error in data fitting for T 2 calculation. Fourth, our study was carried out in a small number of control subjects at 3T, without edema or iron overload. Further studies in a larger number of patients with the whole spectrum of T 2 encountered in clinical practice are necessary to fully evaluate the clinical utility of the accelerated ME-FSE pulse sequence and to establish the intraobserver and interinstrumental and study variability of the pulse sequence. Fifth, the breath-hold duration of 18 heartbeats could be too long for some patients with impaired breath-hold capacity. In such patients, it may be necessary to sacrifice some spatial resolution to reduce the breath-hold duration. Sixth, we performed the multicoil k-t FOCUSS reconstructions, assuming perfect image registration between the coil sensitivity maps and accelerated data. Although our data exhibited good image quality, heart rate variability and drifts in the diaphragm position could lead to misregistration between the coil sensitivity and accelerated data and subsequently yield image artifacts. One solution to this problem is to perform coilby-coil reconstruction and then combine the multicoil images, at the expense of increased residual incoherent aliasing artifacts. A more robust solution to this problem is to perform autocalibrated parallel imaging in combination with k-t FOCUSS. Seventh, we used the two-step bootstrap reconstruction approach, using FFT as the initial sparsifying transform and PCA as the final sparsifying transform. More work is needed to determine the optimal bootstrap approach, in terms of the number of sparsifying transforms and iterations per step. Eighth, we used the proposed k-space sampling pattern (Fig. 1 ) based on our prior experience with accelerated first-pass cardiac perfusion MRI with CS and parallel imaging (24) . Although our study does not prove that the proposed k-space sampling pattern is the optimum candidate for accelerated cardiac T 2 mapping, it does show that the sampling pattern is an adequate candidate. Determining the optimal k-space sampling pattern is beyond the scope of this work.
In conclusion, the proposed accelerated breath-hold ME-FSE pulse sequence can be used to perform rapid T 2 mapping of the heart with relatively high spatial resolution. The proposed accelerated T 2 mapping pulse sequence is a promising investigational method for quantitative assessment of myocardial edema and iron overload. Intraobserver difference was defined as T 2 (analysis 1)-T 2 (analysis 2), and interobserver difference was defined as T 2 (observer 1)-T 2 (observer 2).
FIG. 9.
Example ME-FSE images and the corresponding T 2 maps with and without preconditioning RF pulses. For the latter case, note the signal heterogeneity in the k-t FOCUSS reconstruction, particularly in the lateral wall, as well as the corresponding T 2 error. In this subject, the mean T 2 measurements within the segmented myocardium were 50.0 6 4.0 msec and 60.8 6 12.9 msec for with and without preconditioning RF pulses, respectively. These results are corroborated with zero-filled FFT reconstruction images which show more residual aliasing artifacts for the latter case. These results clearly demonstrate the usefulness of increasing sparsity in ME-FSE through the use of preconditioning RF pulses.
